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Abstract  
The In Salah CO2 storage site, Algeria, is an industrial-scale capture and storage project. CO2 from several natural gas fields 
within the development is removed from the production stream and injected into a deep saline formation 1.9 km below the 
surface and several kilometers away from Krechba, one of the gas fields in production. The three horizontal injection wells have 
been actively monitored since the start-up in 2004. In particular, satellite surveys (InSAR), showing subtle surface deformation, 
and well data analysis (gas geochemistry and tracers) have been used to indicate the pressure and gas distribution. The 20 meter 
thick storage formation is pervasively fractured with the predominant joint set (NW-SE) in close alignment with the present-day 
stress field. The storage formation is also segmented by a number of strike-slip faults related to a regional mid-to-late 
Carboniferous basin inversion. The heterogeneous nature of the storage formation is a key influence on the distribution of stored 
CO2. We use an invasion percolation modeling approach, assuming capillary limit conditions, to simulate the CO2 migration 
process. The field-scale model involves 56 million cells with dimensions of 10x10x2 meters. This high-resolution model captures 
the reservoir heterogeneity with respect to both the fault and fracture distributions. The simulation results are reasonably 
consistent with the inferred CO2 distribution after 5 years of injection, and indicate that the current distribution of CO2 is 
principally related to the fracture network. Initial results for predictive simulations of the post-injection period are sensitive to, 
and principally constrained by, the fault distribution and the multiphase flow behavior. The simulation results highlight the role 
that high-resolution heterogeneous field-scale models can play in developing a comprehensive storage monitoring program. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Rock heterogeneity presents a major challenge for understanding any storage environment, and the fractured and 
faulted nature of the In Salah CO2 storage site provides a particularly demanding flow simulation scenario. 
Conventional simulation methods use a range of finite-difference or finite-element numerical schemes to represent 
multiphase flow. Solving these numerical schemes requires relatively coarse grids, which leads to a loss of 
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geological detail (via averaging or upscaling). The simulations presented here are the result of applying high-
resolution invasion percolation modeling tools that are commonly used in oil and gas exploration for regional 
migration models of hydrocarbons on geological timescales. The application of invasion percolation to CO2 storage 
is a pragmatic alternative to reservoir simulators (with their higher computational burden, and related limit to model 
resolution, but different approach to process modeling) and the need to characterize storage formations in sufficient 
detail to capture the significant heterogeneities of extensively faulted and fractured systems. The principal idea we 
wish to address with this approach is the applicability of invasion percolation modeling to CO2 storage scenarios. 
For the first time, we have simulated fracture-mediated flow at a field-scale using an invasion percolation simulator. 
2. In Salah 
The In Salah CO2 storage site in Algeria is an industrial-scale capture and storage operation operated by the In 
Salah Gas Joint Venture (JV), comprising BP, Statoil, and Sonatrach. The project has stored over 3 million tonnes of 
CO2 (2004-2009), supplying clean natural gas to the European energy market. CO2 is separated from the natural gas 
production stream and re-injected 1.9 km below the surface and several kilometers away from the Krechba field, one 
of the gas reservoirs in production. A major goal of the project has been to test monitoring and verification 
technologies for carbon capture and storage, via a Joint Industry Project (JIP). 
The storage formation is a tidal-deltaic Carboniferous sandstone overlain by about 900 m of mudstones and 
siltstones. This thick aquitard sequence is, in turn, overlain by a thin anhydrite layer at the base of the Pan Saharan 
Aquifer. The Carboniferous sandstone comprises a 20-meter thick storage formation that is extensively fractured 
with a predominant open fracture set (NW-SE) in close alignment with the present-day stress field, related to 
tectonic plate convergence between Africa and Eurasia. The storage formation is also segmented by strike-slip 
faults, indicative of a regional mid-to-late Carboniferous basin inversion [1]. The heterogeneous nature of the 
storage unit is thought to be a key influence on the distribution of the stored CO2. 
The CO2 is injected into three horizontal wells [2] down-dip from the field at Krechba (Figure 1), and has been 
actively monitored since the start-up in 2004 [3]. Satellite surveys (InSAR), showing subtle surface deformation, 
have been particularly valuable in understanding the pressure distribution related to injection. Analysis of well data 
(flow, pressure, gas geochemistry and tracers) has been used to indicate the spatial distribution of the injected CO2 
[1,3]. Recently acquired time-lapse seismic data is also valuable, but is not yet able to image saturation changes in 
the reservoir. 
3. Invasion percolation 
We use an invasion percolation modeling approach, assuming capillary-limit conditions, to simulate the CO2 
migration. Invasion percolation is commonly applied for slow moving immiscible fluids in geological flow systems. 
Below a critical velocity threshold, geological flow systems tend to self-organize into discrete migration paths and 
pooling traps [4,5]. Percolation theory has been successfully applied to simulate the invasion of non-wetting fluids 
such as oil and gas into water-wet porous geological media to study regional hydrocarbon migration and local 
hydrocarbon field charge processes [6,7]. This approach is valid as, at low flux rates, the viscosity contribution to 
flow is negligible and the viscous-dominated (Darcy flow) approximation breaks down. 
Under capillary-dominated conditions the immiscible fluid either migrates along a path at a low critical 
saturation, or backfills, and floods, a trap at a higher saturation not exceeding the maximum gas saturation for the 
porous medium. The limit to viscous flow and capillary flow is determined by the capillary number, Ca, a 
dimensionless number that compares the ratio of viscous forces to capillary forces (Equation 1). A widely accepted 
limiting condition for invasion percolation is that the capillary forces must exceed the viscous forces by a ratio of 
1:10,000 (Ca < 10-4). 
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If these conditions occur, invasion percolation is a reasonable approximation for the flow physics. If the flux rate 
is higher, Darcy's law is a better approximation (Table 1). For example, hydrocarbon migration typically has a 




 [8]. Under these conditions the flow domain lends itself to high-resolution invasion 
percolation models which yield fast numerical solutions [9]. A more complete analysis of the various domains 
(viscous/capillary/gravity) operating in reservoir systems may be made using scaling-group theory [10,11]. 
Table 1 Flow domains and dimensionless numbers: invasion percolation is typical of a low flux multiphase domain. Re, Reynolds number; Ca, 
capillary number; Kn, Knudsen number. 
Flow domain Flux rate / occurrence Dimensionless number 
Non-laminar flow Very high / near-well, unusual  Re > 10 
Darcy flow High-to-moderate / near-well Re < 10, Ca > 0.0001 
Invasion percolation Low / reservoir and basin-scale Ca < 0.0001, Kn < 1 
Knudsen flow Extremely low / unconventional Kn > 1 
 
With respect to the storage site, the viscosity of the brine (µ ~ 0.4 mPas), and interfacial tension between the 
brine and CO2 (γ ~ 30 mN/m) can be estimated for the reservoir conditions. Therefore, the limiting migration rate for 
Ca < 10-4 at In Salah is approximately 8 mm/s. The plume flux is reasonably well constrained within the vicinity of 
KB-502 by the observation of CO2 breakthrough at KB-5 [1]. The plume covered a distance of 1.3 km, reaching 
KB-5 approximately 2 years after injection began in April 2005 - the actual breakthrough time is between 16 months 
(minimum) and 26 months (maximum). This gives an average migration rate, q, of about 740 m/yr or 24 μm/s. 
KB-5 lies to the northwest of the injection well, along the dominant fracture direction, and so the low flux 
approximation is likely to be representative of the CO2 migration rate through the communicating fracture network. 
It follows that the capillary number for the plume is low enough (Ca ~ 10-7) to approximate the plume distribution 
with an invasion percolation simulation. 
4. The model 
The field-scale model (56 million cells: 10x10x2 meters) captures the reservoir heterogeneity with respect to both 
the fault and fracture distributions (Figure 2). Fault maps and topographic surfaces for the field area and storage 
formation were provided by the JIP project team, based on the 1997 seismic data and the 2009 geological model 
dataset. The remaining challenge for the invasion percolation model was to capture the formation heterogeneity with 
respect to the fracture distribution at a reservoir scale. As described above, the fracture network is thought to 
strongly influence flow within the reservoir, and is dominated by a NW-SE orientated fracture set (Figure 1). 
Image analysis [12] of the top surface for the Carboniferous sandstone indicated a subtle 'fabric' or pattern that 
was broadly aligned in the expected direction of open joint sets (Figure 3). While the seismic data from which this 
pattern is derived is unable to resolve fractures, a macroscopic representation of the reservoir heterogeneity has been 
inferred using curvature analysis. The pattern has a log-normal distribution typical of natural fracture populations. 
The resulting fabric was applied to the reservoir mesh as a proxy for fracture properties. 
5. Simulation results 
Four scenarios were run at the field-scale (Figure 4). Firstly, as a base case, CO2 injection was simulated for all 
three injectors assuming the flow is constrained by the caprock topography in an homogeneous and unfaulted 
reservoir. Secondly, the base case was altered to include the mapped faults as flow barriers. Thirdly, the base case 
was altered to include the fracture fabric detected in the mapped surface. Finally, both the faults and fracture fabric 
were added to the mesh. 
As a first approximation, the principal field-scale control on the simulated CO2 distribution appears to be faults. 
In the absence of flow barriers, CO2 will potentially migrate into the main production areas of the gas field, and also 
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potentially leave the storage site along a migration path to the north. The inclusion of faults as barriers tends to 
restrict the CO2 more locally around injection wells. 
In detail, the simulated migration paths for the three injection wells, assuming an homogeneous reservoir medium 
with topographically controlled flow (Figure 4a), are as follows: KB-501 migrates southwest along two paths into 
the three main sub-closures of the field. KB-502 migrates north to a spill point at the edge of the model, and west 
and south. The west and south paths join prior to the main sub-closure, giving a potential split between northerly and 
southerly migration. KB-503 migrates southeast along two paths to join the southern migration into the main sub-
closure. A relatively small amount of CO2 for KB-503 follows a northeast path to the northern spill point from the 
model. At the field-scale, the fracture fabric appears to have little influence on the long-term and large-scale CO2 
distributions. However, apparent differences at the inter-well scale, particularly for the northern area of KB-502 and 
KB-503, may be significant during the injection phase (Figure 5). At the inter-well scale, the addition of the fracture 
fabric to the mesh biases the simulated flow in the direction of the open joint set (Figure 5). The local topography 
dominates the macroscopic outcome, with a confluence of flow to the south and a separate path to the north-
northwest. However, the fracture fabric results in locally discrete flow and more frequent occurrences of flow in 
areas associated with high permeability corridors. In regions of divergence between the fracture fabric orientation 
and the topographic flow path, migration is dispersed into fabric-related braids. Considering the strong potential 
influence of faults as barriers to migration at the field scale (Figure 4d) with respect to channelling flow and 
controlling high saturation pool locations, smaller inter-well scenarios require a detailed characterisation of local 
fault distributions and flow properties. 
6. Comparison with observations 
An overlay of the northern area simulation (topography, faults and fracture fabric – Figure 4d) to the observed 
surface deformation around KB-502 and KB-503 makes for a number of interesting comparisons (Figure 6). Firstly, 
the simulations appear to give a reasonable approximation to the core areas of the surface uplift. The surface 
deformation pattern is indicative of the subsurface pressure field (i.e. a result of single-phase brine displacement, 
and not the two-phase CO2 migration). Notably, however, the simulated CO2 is restricted to these inferred injection 
pressure zones. And yet, a number of discrepancies are apparent. Firstly, the faults (as flow barriers) do not appear 
to play a significant role in improving the correlation between the observed uplift and the simulated CO2 plume 
distribution. Secondly, although the simulated KB-502 plume comes very close to KB-5 and follows a fracture 
corridor in this direction, it does not actually reach the observation well. Furthermore, the topographic influence on 
migration at KB-503 (exclusively to the southwest) does not correlate well with the observed area of uplift to the 
northwest of the well. However, it is interesting to note that parallel lineations in the observed surface deformation 
for the northern area (appended dashed lines, Figure 6) are suggestive of unmapped features at the reservoir level. 
These may also influence the flow pattern and require further analysis. 
Thus, the simulated CO2 distribution is broadly consistent with observations, but shows some inconsistencies. 
The match could of course be improved by modifying the reservoir quality, and using new seismic data. However, 
these high-resolution simulations (based on the 2009 geological model) already illustrate the likely flow patterns and 
important controls of fractures and faults. 
7. Discussion 
The invasion percolation approach uses reasonable physical assumptions to quickly render very high resolution 
simulations at a low computational cost. To date, this approach has been widely accepted in basin modeling as a 
hydrocarbon migration tool for petroleum exploration and as a method for initializing reservoir simulations with 
respect to the geological filling history of oil and gas fields. Interestingly, scaling group theory suggests that the 
approach is also applicable to CO2 storage, as the injection flux rates rarely exceed the critical velocity boundary 
condition. This is the first time the technique has been applied to the more exacting scenario of reservoir fracture 
flow simulation. 
In theory, the technique is a good match to modeling in fractured media, as the underlying principle of threshold 
pressure differences works best in heterogeneous settings where rock permeabilities vary frequently within the 
model. However, there are two important additional considerations. Firstly, the nature of CO2 storage is that the 
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near-well region becomes pressurized as a result of the fluid volume injected, particularly in the restricted flow 
environments typical of fractured reservoirs. Secondly, fractured (and stressed) rocks are likely to have a 
geomechanical response to the induced pressure changes of CO2 injection, as is apparent in the subtle land surface 
changes at In Salah. 
Both the pressure field transience and geomechanical changes in rock properties (such as fracture dilation) are 
challenging aspects of modeling CO2 storage in fractured media, and have yet to be addressed by the invasion 
percolation model. By comparison, a considerable amount of work has already been undertaken on In Salah by other 
researchers with respect to traditional reservoir simulators and geomechanical modeling [13,14,15,16]. Such models 
focus on the detailed process aspects of reservoir simulation, though are constrained with respect to the resolution of 
the models. Both the invasion percolation models and more conventional reservoir simulations need to close the gap 
in terms of addressing both the fine detail and the large scale of such models. The fracture fabric technique applied 
here illustrates how invasion percolation can be adapted to a complex fractured and faulted reservoir problem. In 
future this approach could be adapted to address geomechanical and pressure effects by modifying the threshold 
pressure field. 
8. Conclusion 
The simulations presented here are based on a preliminary but high-resolution model, and illustrate the potential 
of this approach. The high resolution meshes provoke interesting hypotheses with respect to the fate of injected CO2, 
and provide reasonable matches to the inferred CO2 distributions for the northern area of the storage site, despite the 
current process limitations of the technique. Clearly, fault characterization will be critical with respect to the 
accurate long-term modeling of CO2 distributions within the reservoir. Dynamic structural modeling may provide 
insights with respect to the barrier/baffle status of faults by stress field orientation. Secondly, fracture-mediated flow 
is clearly significant at the inter-well scale. The geomechanical response to pressure changes has not yet been 
addressed directly by the simulations; however, the invasion percolation approach could be combined with 
geomechanical models. The advantages of modeling with this technique at the full field-scale and in fine detail are 
apparent, and complimentary to traditional reservoir simulations. The next step is to include a transient pressure 
field that is representative of the induced pressure changes around the injection wells. It is expected that this will 
improve the correlation between the apparent surface deformation and the simulated CO2 distribution. 
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Figure 1 The In Salah storage site, showing the three injection wells (KB-501/502/503), observation well (KB-5), and production wells  
(KB-11/12/14) in the northern half of the Krechba field. Surface deformation around the injection wells, circa 2009, is contoured in 
2 mm increments (redrawn from InSAR data provided by MDA/Pinnacle) [3]. The predominant fracture trend (inset) is NW-SE. 
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Figure 2  The field-scale model for the storage site (17.5x25 km, from the northwest); color scale: warm-to-cold is equivalent to high-to-low 
threshold pressures. Permeable fracture corridors (blue) are visible streaks. The faults are assumed to be barriers to flow (orange). 
 
Figure 3 Image analysis for the top surface of the storage formation revealed a subtle fabric that appears to be related to the observed fracture 
orientations within the storage formation. From left: a) map input; b) curvature analysis; c) edge detection; and d) pattern distribution. 
 
Figure 4 Results for the field-scale simulations. Low saturation (migration) paths appear as blue; high saturations (trapped CO2) are red. From 
left to right, the controls on migration are: a) caprock topographic relief (buoyancy trapping); b) topography and faults (barriers to 
flow); c) topography and fractures (permeable corridors); and d) topography, faults and fractures (combined heterogeneity).  
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Figure 5 Stochastic flow simulations for the northern area: a) topographic control; b) topography plus fractures. The color scale for the output is 
a red-yellow-green spectrum for frequency. Commonly found migration pathways are red/orange; pooling areas are yellow/green.  
 
Figure 6 A comparison of the simulated plume distributions from the northern injection wells (KB-502 and KB-503), for a faulted and 
 fractured scenario, with the land surface uplift. Three parallel lineations apparent in the observations are appended as dashed lines. 
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